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JAppl  Physiol  103:  1045-1055,  2007.  First  published  May  24,  2007; 
doi:10.1152/japplphysiol.00100.2007. — Hemorrhage  has  been  shown 
to  increase  inducible  nitric  oxide  synthase  (iNOS)  and  deplete  ATP 
levels  in  tissues  and  geldanamycin  limits  both  processes.  Moreover,  it 
is  evident  that  inhibition  of  iNOS  reduces  caspase-3  and  increases 
survival.  Thus  we  sought  to  identify  the  molecular  events  responsible 
for  the  beneficial  effect  of  geldanamycin.  Hemorrhage  in  mice  sig¬ 
nificantly  increased  caspase-3  activity  and  protein  while  treatment 
with  geldanamycin  significantly  limited  these  increases.  Similarly, 
geldanamycin  inhibited  increases  in  proteins  forming  the  apoptosome 
(a  complex  of  caspase-9,  cytochrome  c,  and  Apaf-1).  Modulation  of 
the  expression  of  iNOS  by  iNOS  gene  transfection  or  siRNA  treat¬ 
ment  demonstrated  that  the  level  of  iNOS  correlates  with  caspase-3 
activity.  Our  data  indicate  that  geldanamycin  limits  caspase-3  expres¬ 
sion  and  protects  from  organ  injury  by  suppressing  iNOS  expression 
and  apoptosome  formation.  Geldanamycin,  therefore,  may  prove  use¬ 
ful  as  an  adjuvant  in  fluids  used  to  treat  patients  suffering  blood  loss. 
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hemorrhagic  shock  has  been  shown  to  cause  systemic  inflam¬ 
mation  response  syndrome,  multiple  organ  dysfunction  (MOD), 
and  multiple  organ  failure  (MOF;  see  Ref.  1).  Tissue  hypoxia, 
which  frequently  results  from  hemorrhage,  has  been  shown  to 
lead  to  acute  increases  in  intracellular  free  calcium  concentra¬ 
tion  ([Ca2+]0,  5 -lipoxygenase,  lipid  peroxidation,  cyclooxy¬ 
genase,  constitutive  nitric  oxide  synthase,  leukotriene  B4,  pros¬ 
taglandin  E2,  interleukin,  tumor  necrosis  factor-a,  caspases, 
Kruppel-like  factor  6  (KLF6),  inducible  nitric  oxide  synthase 
(iNOS),  and  delayed  increases  in  heat  shock  protein  70  kDa 
(HSP-70)  and  hypoxia-inducible  factor-la  (6,  11,  17,  28,  30, 
34,  38,  41).  Investigation  of  the  sequence  of  their  appearance 
provides  useful  insights  into  the  mechanisms  that  underlie 
hemorrhage-induced  tissue  injury  and  identifies  therapeutic 
targets  to  prevent  or  reverse  the  injury.  Experiments  in  iNOS- 
deficient  mice  (11),  treatment  of  animals  with  iNOS  inhibitors 
such  as  geldanamycin  (GA;  16,  17)  and  5-androstenediol  (39), 
and  information  obtained  from  the  treatment  of  cultured  cells 
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with  the  iNOS  inhibitor  l-NNA  (Ref.  23)  suggest  that  iNOS- 
derived  NO  participates  in  the  injury  and  the  inflammatory 
cascade  produced  by  hemorrhage  or  hypoxia. 

GA  is  a  natural  product  produced  by  Streptomyces  hygro- 
scopicus  that  binds  with  high  affinity  to  the  ATP  binding 
pocket  of  heat  shock  protein  90  kDa  (HSP-90).  We  reported 
that  GA  upregulates  inducible  HSP-70  (HSP-70i)  and  down- 
regulates  HSP-90  (17).  It  protects  mice  (16)  and  rats  (34)  from 
hemorrhage-associated  organ  damage  by  inhibiting  iNOS  ex¬ 
pression.  The  GA-induced  upregulation  of  HSP-70i  preserves 
pyruvate  dehydrogenase  and  ATP  (16).  The  ability  of  GA  to 
downregulate  HSP-90  is  the  basis  for  current  medical  protocols 
attempting  to  manage  solid  tumors  and  lymphoma  (http:// 
clinicaltrials.gov/ct/show/NCT00248521). 

Caspase-3  is  an  aspartate-specific  cystenyl  protease  that 
plays  a  key  role  in  activating  many  downstream  caspases 
involved  in  apoptosis  (13,  14,  22,  25).  Hemorrhage  increases 
caspase-3  cellular  activity  (5,  18,  26,  27,  29,  31,  45)  and 
decreases  cellular  ATP  levels  in  various  tissues  (16,  19,  24, 
32-34,  43).  Agents  that  increase  HSP-70i  and  inhibit  iNOS 
have  been  shown  to  ameliorate  hemorrhage-induced  cell  injury 
(17,  19,  34).  However,  the  relationship  between  iNOS  and 
caspase-3  remains  unclear.  In  this  study,  we  examined  the 
mechanisms  whereby  GA  confers  tissue  protection  in  mice 
subjected  to  hemorrhage.  We  are  the  first  to  report  a  time 
course  study  of  caspase-3  after  hemorrhage.  Treatment  with 
GA  limits  the  hemorrhage-induced  increase  in  caspase-3  pro¬ 
tein  and  activity  by  limiting  the  expression  of  iNOS  and 
apoptosome  formation  in  the  cytosol. 

METHODS 

Research  was  conducted  in  compliance  with  the  Animal  Welfare 
Act  and  other  federal  statutes  and  regulations  relating  to  animals  and 
experiments  involving  animals  and  adheres  to  principles  stated  in  the 
Guide  for  the  Care  and  Use  of  Laboratory  Animals,  NRC  Publication, 
1996  edition.  The  animal  protocol  was  reviewed  and  approved  by 
Institutional  Animal  Care  and  Use  Committee  at  US  Army  Institute  of 
Surgical  Research. 

Animal  protocols.  Experiments  were  conducted  using  the  mouse 
model  described  by  Song  et  al.  (40).  Male  Swiss  Webster  mice 
weighing  25-35  g  were  briefly  anesthetized  with  isoflurane,  and  40% 
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of  the  calculated  blood  volume  was  removed  over  a  1-min  period  by 
cardiac  puncture  with  a  26-gauge  needle.  Mean  arterial  blood  pressure 
fell  from  80  to  40  mmHg  in  the  2  h  following  treatment.  Treated  mice 
were  allowed  to  respond  for  1,  3,  6,  12,  24,  and  48  h.  Sham- treated 
animals  underwent  cardiac  puncture,  but  no  blood  was  removed. 

Geldanamycin  treatment.  GA  was  obtained  from  Sigma- Aldrich 
Chemical  (St.  Louise,  MO).  In  different  experiments,  mice  were 
pretreated  with  10%  DMSO  saline  or  GA  (1  |jig/g  body  wt)  in 
10%  DMSO  saline  by  intraperitoneal  injection  16  h  before  hem¬ 
orrhage  (34). 

These  mice  were  then  subjected  to  40%  hemorrhage  and  allowed  to 
respond  for  6  h  before  they  were  killed.  A  small  portion  of  lung, 
jejunum,  kidney,  heart,  brain,  and  liver  was  removed  from  the  treated 
mice  and  frozen  immediately  at  —  70°C  until  used  for  immunoblotting 
and  biochemical  assays.  Another  set  of  these  tissues  was  used  for 
histology  examination. 

Tissues  were  minced,  sonicated  for  15  s,  and  then  centrifuged  at 
10,000  g  for  10  min.  The  supernatant  was  saved  for  determining  the 
total  amount  of  protein  in  each  lysate  sample  and  performing  immu- 
noblot  analysis.  The  caspase-3  cellular  activity  was  measured.  Pro¬ 
teins  and  moieties  were  assessed  by  immunoprecipitation  and  immu¬ 
noblotting  using  antibodies  for  caspase-3,  cytochrome  c,  and  Apaf-1. 

Histopathologic  assessment.  Small  intestine  tissue  specimens  were 
rinsed  in  cold  saline  solution  and  immediately  fixed  in  10%  buffered 
formalin  phosphate.  The  tissue  was  then  embedded  in  paraffin,  sec¬ 
tioned  transversely,  and  stained  with  hemotoxylin  and  eosin.  The 
mucosal  damage  of  jejunum  for  each  slide  was  graded  on  a  six-tiered 
scale  defined  by  Chiu  et  al.  (4)  as  follows:  grade  0,  normal  mucosa; 
grade  1,  development  of  subepithelial  spaces  near  the  tips  of  the  villi 
with  capillary  congestion;  grade  2,  extension  of  the  subepithelial 
space  with  moderate  epithelial  lifting  from  the  lamina  propria;  grade 
3,  significant  epithelial  lifting  along  the  length  of  the  villi  with  a  few 
denuded  villus  tips;  grade  4,  denuded  villi  with  exposed  lamina 
propria  and  dilated  capillaries;  and  grade  5,  disintegration  of  the 
lamina  propria,  hemorrhage,  and  ulceration.  Lung  tissues  for  his- 
topathological  assessment  were  prepared  in  the  same  manner  as  small 
intestine;  alveolar  wall  thickness  was  measured. 

Cell  culture.  Human  intestinal  epithelial  T84  cells,  FHs74  Int  cells, 
and  CRL-1550  cells  (American  Type  Cell  Culture,  Rockville,  MD) 
were  grown  in  Dulbecco’s  modified  Eagle  medium  (DMEM),  hybrid- 
care  medium,  and  RPMI  1640,  respectively,  in  a  humidified  incubator 
with  a  5%  C02  atmosphere.  Each  medium  was  supplemented  with  2 
mM  glutamine,  4.5  gm/1  glucose,  10%  fetal  bovine  serum,  100  U/ml 
penicillin,  and  100  pg/ml  streptomycin,  pH  7.4  (Quality  Biological, 
Gaithersburg,  MD).  Cells  were  fed  every  3-4  days.  Cell  viability  was 
determined  by  the  trypan  blue  exclusion  assay.  Twenty  microliters  of 
cell  suspension  was  mixed  with  20  pi  of  0.4%  trypan  blue  solution 
(Sigma  Chemical,  St.  Louis,  MO).  Viability  was  calculated  accord¬ 
ingly. 

iNOS  gene  construct.  iNOS  gene  was  used  in  this  study.  cDNA  of 
human  iNOS  was  obtained  from  Dr.  N.  Tony  Eissa  (Baylor  College  of 
Medicine,  Houston,  TX;  Ref.  10).  A  3362-bp  coding  sequence  with 
Hind  III  and  Xho  I  restriction  sites  at  each  terminus  of  human  iNOS 
gene  was  subcloned  from  this  full  length  of  human  iNOS  cDNA.  For 
PCR,  we  used  the  forward  and  reverse  primers,  5'-CT  AAG  CTT 
GTC  ATG  GCC  TGT  CCT  TGG  AAA  TTT  CTG  TTC-3'  and 
5'-GAC  TCG  AGC  TCA  GAG  CGC  TGA  CAT  CTC  CAG  GCT-3', 
respectively.  After  digestion  and  purification  of  the  PCR  amplification 
product,  the  expression  cDNA  sequence  was  used  for  insertion  into 
the  vector.  The  vector  used  in  this  study  was  pcDNA3.1  (Invitrogen, 
San  Diego,  CA).  The  expression  cDNA  of  iNOS  gene  was  inserted 
between  the  Hind  III  and  Xho  I  sites  of  pcDNA  3.1  vector.  The 
expression  construct  then  was  sequenced  to  confirm  its  correct  se¬ 
quence  and  open  reading  frame. 

Transient  gene  transfection.  Cells  were  cultured  in  six- well  plates 
(1.5  X  106  cells/well).  Cells  in  each  well  were  treated  with  4  pg  iNOS 
expression  plasmid  in  0.5  ml  antibiotics-free  growth  medium  using  a 


Lipofectamine  2000  transfection  kit  (Invitrogen,  Carlsbad,  CA)  and 
the  manufacturer’s  protocol.  Control  cells  were  treated  with  blank 
pcDNA  3.1  vector.  DMEM  (1.5  ml)  was  then  added  to  each  well,  and 
the  cells  were  returned  to  the  incubator  for  24  h  to  allow  transient 
transfection. 

iNOS  small  interfering  RNA  transfection.  RNA  interference  tech¬ 
nology  was  used  to  decrease  iNOS  protein  levels.  Two  designed  pairs 
of  oligoduplexes  targeted  against  iNOS  were  purchased  from  Qiagen 
(Valencia,  CA).  The  target  sequences  of  the  oligoduplexes  are  the 
NOS-S  sense  strand,  5'-ACAACAGGAACCUACCAGCTT-3',  and 
NOS-AS  antisense  strand,  5'-GCUGGUAGGUUCCUGUUGUTT-3\  re¬ 
spectively.  A  nonspecific  oligoduplex  (nonsilencing  control,  targeting 
AAU  UCU  CCG  AAC  GUG  UCA  CGU)  at  the  same  final  con¬ 
centrations  as  the  iNOS  RNA  duplexes  was  used  as  a  negative 
control.  To  maximize  siRNA  silencing  potential,  small  interfering 
RNAs  (siRNAs)  were  heated  for  1  min  at  90°C,  followed  by  60  min 
at  37°C  before  the  siRNA  transfection.  Prior  to  transfection,  cells 
were  grown  in  fresh  medium  without  antibiotics  for  24  h.  Cells  were 
then  transferred  to  six- well  plates  (2  X  106  cells/well).  The  transient 
transfection  with  siRNA  duplexes  at  100  nM  was  performed  using  the 
Lipofectamine  reagent  (Invitrogen).  Twenty-four  hours  after  transfec¬ 
tion,  cells  were  either  exposed  to  10  mM  NaCN  or  vehicle  (saline)  for 
1  h  to  allow  hypoxia  to  occur.  Cells  were  allowed  to  recover  in  the 
incubator  for  23  h  before  harvesting  and  analysis. 

Immunoprecipitation.  Tissue  lysates  containing  300  p,g  protein 
were  incubated  with  the  antibody  for  caspase-9  or  cytochrome  c  (5 
pi),  chilled  on  ice  for  1  h,  mixed  with  protein  A/G  agarose  beads  (50 
pi;  Santa  Cruz  Biotechnology,  CA),  and  incubated  overnight  on  a 
nutator  at  4°C.  The  immunoprecipitate  was  collected  by  centrifuga¬ 
tion  at  12,500  g  for  10  min,  washed  twice  with  500  pi  of  stop  buffer 
and  once  with  500  pi  PBS  wash  buffer.  The  pellet  was  resuspended 
in  50  pi  of  electrophoresis  sample  buffer  without  2-mercaptoethanol, 
boiled  for  5  min,  and  then  centrifuged  for  30  s  to  remove  the  agarose 
beads.  The  supernatant  was  incubated  with  5%  2-mercaptoethanol  at 
37°C  for  1  h.  Twenty-five  microliters  of  sample  was  loaded  onto 
precast  10%  Tris-glycine  polyacrylamide  gels  for  Western  blots. 

Western  blots.  Twenty  micrograms  of  each  sample  was  resolved  on 
SDS-poly acrylamide  slab  gels  (precast  10%  gels;  Invitrogen,  Carls¬ 
bad,  CA).  Protein  was  then  blotted  onto  a  nitrocellulose  membrane 
(type  NC,  0.45  pm;  Schleicher  and  Schuell)  using  a  Novex  blotting 
apparatus  and  the  manufacturer’s  protocol.  The  nitrocellulose  mem¬ 
brane  was  blocked  by  incubation  for  90  min  at  room  temperature  in 
Tris-buffered  saline  containing  0.1%  Tween  20  (TBST)  and  3% 
nonfat  dried  milk.  The  blot  was  then  incubated  for  60  min  at  room 
temperature  with  antibodies  against  actin  (Santa  Cruz  Biotechnology), 
active  caspase-3  and  caspase-9  (Epitomics,  Belmont,  CA),  cyto¬ 
chrome  c  (Upstate,  Lake  Placid,  NY),  and  Apaf-1  (GeneTex,  TX)  at 
1  pg/ml  in  TBST  with  3%  nonfat  dried  milk.  The  blot  was  washed 
three  times  (10  min  each)  in  TBST  before  incubating  for  60  min  at 
room  temperature  with  a  1,000X  dilution  of  species-specific  IgG 
peroxidase  conjugate  (Santa  Cruz  Biotechnology)  in  TBST  with  3% 
nonfat  dried  milk.  The  blot  was  washed  six  times  (5  min  each)  in 
TBST  before  detection  of  the  peroxidase  activity  using  the  Enhanced 
Chemiluminescence  kit  (Amersham  Life  Science  Products,  Arlington 
Heights,  IL). 

Measurements  of  caspase-3  activity.  Caspase-3  activity  was  deter¬ 
mined  using  the  CASPASE-3  Cellular  Activity  Assay  Kit  PLUS 
(Biomol,  Plymouth  Meeting,  PA).  In  brief,  10  pi  of  each  sample 
lysate  was  added  to  wells  of  a  96-well  plate  already  containing  the 
substrate  Ac-Asp-Glu-Val-Asp-pNitroaniliane  (Ac-DEVD-pNA). 
Caspase  in  the  lysates  cleaved  the  substrate  to  pNA  as  indicated  by  an 
increase  in  absorbance  at  405  nm,  which  was  used  to  determine 
reaction  rate.  Absorbance  was  measured  using  a  SpectraMax  250 
spectrophotometric  plate  reader  and  SOFTmax  Pro  3.1.1  software 
(Molecular  Devices,  San  Diego,  CA).  Data  were  normalized  to  total 
protein,  and  caspase-3  activity  was  expressed  as  picomoles  pNA  per 
minute  per  microgram  of  protein. 
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Immuno fluorescent  staining  for  confocal  microscopy.  Cells  (1  X 
105)  were  plated  on  a  glass  coverslip  precoated  with  poly-L-lysine. 
After  attachment,  the  cells  were  fixed  with  3.7%  formaldehyde  and 
permeabilized  with  0.1%  Triton  X-100  in  PBS  for  10  min.  The 
permeabilized  cells  were  blocked  with  2%  BSA  for  30  min  and  then 
incubated  for  1  h  with  a  rabbit  anti-human  caspase-9  monoclonal 
antibody  (1:200  dilution;  Epitomics)  and  a  mouse  anti-human  cyto¬ 
chrome  c  monoclonal  antibody  (Upstate)  at  a  1:200  dilution  in  PBS 
containing  2%  BSA.  The  cells  were  then  incubated  for  1  h  with  Alexa 
Fluor  488  goat  anti-mouse  IgG  (1:400  dilution;  Molecular  Probes)  and 
Alexa  Fluor  594  goat  anti-rabbit  IgG  (1:400  dilution;  Molecular 
Probes).  Cells  were  washed  three  times  with  PBS  between  each  step. 
After  staining  with  antibodies,  the  cells  were  mounted  on  a  glass  slide 
using  the  SlowFade  light  antifade  kit  with  4',6-diamidino-2-phenylin- 
dole  (Molecular  Probes)  and  inspected  microscopically  under  a  laser 
confocal  scanning  microscope. 

Solutions.  Na+  Hanks’  solution  contained  (in  mM):  145  NaCl,  4.5 
KC1,  1.3  MgCl2,  1.6  CaCl2,  and  10  HEPES  (pH  7.40  at  24°C).  Na+ 
Hanks’  stop  buffer  contained  (in  mM):  50  Tris-HCl,  1%  NP-40, 
0.25%  Na+-deoxycholate,  150  NaCl,  1  EDTA,  1  phenylmethanesul- 
fonyl  fluoride,  1  Na3V04,  1  NaF,  along  with  aprotinin,  leupeptin,  and 
pepstatin  (10  pg/ml  each).  Na+  Hanks’  wash  buffer  contained  (in 


mM):  1  EDTA,  1  phenylmethanesulfonyl  fluoride,  1  DTT,  1  NasVCU, 
1  NaF,  along  with  aprotinin,  leupeptin,  and  pepstatin  (10  pg/ml  each). 

Statistical  analysis.  All  data  are  expressed  as  mean  ±  SE.  One-way 
ANOVA,  two-way  ANOVA,  Studentized-range  test,  Bonferroni’s 
inequality,  and  Student’s  Mest  were  used  for  comparison  of  groups 
with  5%  as  a  significant  level. 

RESULTS 

Hemorrhage  increases  caspase-3  activity  in  mouse  organs. 
We  performed  experiments  to  determine  the  time  course  of  the 
hemorrhage-associated  increase  in  caspase-3  activity  in  se¬ 
lected  tissues  (see  Ref.  19;  Fig.  1).  In  jejunum  and  lung, 
caspase-3  activity  increased  within  the  first  hour  but  then 
decreased  to  levels  below  baseline  at  3  h  before  increasing 
once  again.  In  jejunum,  the  increase  in  caspase-3  activity  after 
3  h  persisted  until  12  h  before  returning  to  baseline  levels  at  24 
and  48  h  (Fig.  1  A).  In  lung,  the  increased  activity  after  3  h 
reached  a  plateau  at  6  h  that  was  maintained  (Fig.  IB).  In  heart, 
caspase-3  activity  increased  after  3  h,  peaked  at  6  h,  and  then 
returned  to  baseline  by  12  h  (Fig.  1C).  In  kidney,  the  activity 


Mouse  jejunum  with  hemorrhage 

A 


g  Mouse  lung  with  hemorrhage 


C  Mouse  heart  with  hemorrhage  D  Mouse  kidney  with  hemorrhage 


Fig.  1.  Time  course  of  caspase-3  activity  in 
lysates  of  organs  of  mice  subjected  to  hemor¬ 
rhage.  Mice  were  exposed  to  hemorrhage  and 
allowed  to  respond  for  1,  3,  6,  12,  24,  or  48  h 
(n  =  6).  Caspase-3  activity  was  measured  in 
lysates  of  jejunum,  lung,  heart,  kidney,  brain, 
and  liver.  Data  collected  from  hemorrhaged 
organs  were  compared  with  those  from  sham- 
operated  organs.  <  0.05  vs.  t  =  0  h, 
determined  by  Student’s  r-test. 


^  Mouse  brain  with  hemorrhage 
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was  decreased  by  3  h  but  increased  and  peaked  at  6  h  before 
returning  to  baseline  at  24  h;  however,  it  reached  another  peak 
at  48  h  (Fig.  ID).  In  contrast,  brain  caspase-3  activity  de¬ 
creased  steadily  until  6  h  but  increased  at  24  h  and  remained  at 
high  levels  at  48  h  (Fig.  IE).  Unlike  the  jejunum,  lung,  heart, 
brain,  and  kidney,  liver  caspase-3  activity  decreased  within  the 
first  3  h  after  hemorrhage  before  returning  to  baseline  by  12  h 
(Fig.  IF). 

Treatment  with  GA  inhibits  hemorrhage-induced  increase  in 
caspase-3  in  mouse  organs.  We  treated  mice  by  intraperitoneal 
injection  with  GA  16  h  before  subjecting  them  to  hemorrhage. 
Caspase-3  activity  in  various  tissues  was  measured  6  h  later. 
Figure  2  shows  that  treatment  with  GA  significantly  blocked 
caspase-3  activity  in  jejunum  (Fig.  2A),  lung  (Fig.  2 B),  heart 
(Fig.  2C),  and  kidney  (Fig.  2D).  GA  did  not  affect  caspase-3 
activity  in  brain  and  liver  tissues  at  this  time  point  (Fig.  2,  E 
and  F). 

Hemorrhage  increases  caspase-3  protein  in  the  jejunum.  To 
determine  whether  increases  in  caspase-3  activity  were  asso¬ 
ciated  with  increased  amounts  of  caspase-3  protein,  we  blotted 
jejunum  tissue  lysates  from  animals  6  h  after  hemorrhage. 
Figure  3  ( lane  2)  demonstrates  that  hemorrhage  caused  a 
significant  increase  in  caspase-3  protein.  Since  GA  treatment 


was  shown  above  to  prevent  the  hemorrhage-induced  increase 
in  caspase-3  activity,  we  asked  whether  treatment  with  GA 
prevented  increases  in  caspase-3  protein  expression.  Indeed, 
GA  prevented  the  hemorrhage-induced  increase  in  caspase-3 
protein  in  jejunum  tissue  lysates  (Fig.  3,  lane  4 ),  whereas 
GA  alone  elevated  the  basal  level  of  caspase-3  protein  (Fig. 
3,  lane  3).  The  results  suggest  that  the  increased  caspase-3 
activity  results  from  increased  caspase-3  protein  expression. 

GA  inhibits  the  hemorrhage-induced  formation  of  apopto- 
somes  in  jejunum  tissue.  The  apoptosome  is  an  aggregation  of 
caspase-9,  cytochrome  c,  and  Apaf-1  and  is  known  to  activate 
caspase-3  (13,  14,  22,  25).  We  sought  to  determine  if  an 
increase  in  apoptosomes  is  responsible  for  the  upregulation  of 
caspase-3  protein  that  causes  the  increase  in  cellular  caspase-3 
activity  observed  after  hemorrhage.  We  performed  immuno- 
precipitation  experiments  followed  by  immunoblotting  to  mea¬ 
sure  changes  in  apoptosome  proteins  following  hemorrhage 
and  to  determine  the  effect  of  GA  treatment  on  their  formation. 
When  jejunum  tissue  lysates  were  immunoprecipitated  with 
anti-caspase-9  antibody  and  the  precipitates  were  blotted  with 
anti-cytochrome  c  or  anti- Apaf-1  antibodies,  bands  corre¬ 
sponding  to  cytochrome  c  (Fig.  4A)  and  Apaf-1  (Fig.  4 B)  were 
detected.  When  the  lysates  were  immunoprecipitated  with 


Fig.  2.  Geldanamycin  (GA)  inhibits  hemor¬ 
rhage-induced  increase  in  caspase-3  activity 
in  mouse  organs.  Mice  were  treated  with  GA 
or  10%  DMSO  saline  by  intraperitoneal  in¬ 
jection  16  h  before  hemorrhage  (HE;  n  =  6). 
Caspase-3  activity  was  measured  in  lysates  of 
jejunum,  lung,  heart,  kidney,  brain,  and  liver. 

<  0.05  vs.  Sham,  GA,  and  GA+HE  for 
jejunum,  lung,  heart,  and  kidney;  *P  <  0.05 
vs.  Sham  and  GA+HE  for  brain,  determined 
by  x2  test. 
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Fig.  3.  GA  limits  the  hemorrhage-induced  increases  in  caspase-3  protein.  Mice 
were  pretreated  with  GA  or  10%  DMSO  saline  by  intraperitoneal  injection 
16  h  before  HE  ( n  =  6).  Caspase-3  protein  in  lysates  of  jejunum  was  measured 
by  immunoblot  analysis.  The  caspase-3  protein  band  was  quantitated  densito- 
metrically  and  normalized  to  actin.  *P  <  0.05  vs.  Sham,  GA,  and  GA+HE; 
**P  <  0.05  vs.  Sham,  HE,  and  GA+HE,  determined  by  x2  test. 


increased  Ca2+  influx  followed  by  an  elevated  Ca2+  mobili¬ 
zation  (21).  To  determine  whether  the  hypoxia-induced  in¬ 
crease  in  caspase-3  correlated  with  increased  [Ca2+h,  cultured 
intestinal  epithelial  cells  were  exposed  to  hypoxia  in  Ca2+-free 
buffer  containing  3  mM  EGTA.  Removal  of  external  Ca2+ 
failed  to  inhibit  the  hypoxia-induced  increase  in  caspase-3 
(Fig.  6A).  Both  Nw-nitro-L-arginine  (l-NNA)  and  l-A6-^- 
iminoethyl)lysine  (l-NIL)  (iNOS  inhibitors)  were  capable  of 
blocking  the  increase  (Fig.  6 B),  suggesting  a  relationship 
between  increases  in  caspase-3  and  iNOS  observed  in  cells 
exposed  to  hypoxia. 

The  increase  in  caspase-3  is  known  to  be  mediated  by  the 
PI3K/Akt  pathway.  However,  treatment  with  FY-29402  (a  known 
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anti-cytochrome  c  antibody  and  precipitates  were  blotted  with 
anti-caspase-9  and  anti- Apaf-1  antibodies,  caspase-9  (Fig.  4C) 
and  Apaf-1  bands  (Fig.  AD)  were  detected.  The  intensity  of 
cytochrome  c  (Fig.  4A,  lane  3),  Apaf-1  (Fig.  4,  B  and  D , 
lane  3),  and  caspase-9  (Fig.  4C,  lane  3)  was  greater  than  that 
from  the  sham-treated  lysates  (Fig.  4,  A-D ,  lane  2).  Treatment 
with  GA  alone  did  not  affect  the  expression  of  these  proteins 
(Fig.  4,  A-D ,  lane  4 ),  whereas  it  decreased  (Fig.  4,  A-D , 
lane  5)  the  hemorrhage-induced  increases  in  the  expression  of 
all  studied  proteins.  Taken  together,  these  data  indicate  that 
hemorrhage  increases  the  expression  of  protein  members  of  the 
apoptosome  and  GA  prevents  that  increase. 

GA  increases  survival  from  hemorrhagic  shock  and  prevents 
hemorrhage -induced  organ  injury.  We  previously  reported  that 
6  h  after  hemorrhage  60%  of  mice  survive  (16).  Mice  treated 
with  GA  survived  hemorrhage  at  higher  rates  (84%).  Histo¬ 
logic  assessment  of  the  mouse  jejunum  and  lung  tissue  showed 
that  hemorrhage  reduced  the  villus  height  and  increased  the 
villus  width  in  jejunum  with  no  alteration  of  crypt  depth 
(Fig.  5 B).  The  mucosal  damage  grade  of  hemorrhaged  jejunum 
tissue  was  3.0  ±  0.52  (Fig.  5 E,  P  <  0.05  vs.  Sham).  Hemor¬ 
rhage  also  caused  a  thickening  of  the  alveolar  wall  (Fig.  5,  B 
and  F). 

GA  treatment  alone  did  not  alter  villus  height  and  width  or 
the  crypt  depth  (Fig.  5C).  However,  GA  treatment  prior  to 
hemorrhage  protected  jejunum  (Fig.  5 D),  and  the  mucosal 
damage  grade  was  reduced  to  the  level  recorded  in  sham- 
treated  animals  (Fig.  5 E).  Fikewise,  GA  treatment  limited 
pulmonary  injury  (Fig.  5 D),  and  the  thickness  of  the  alveolar 
wall  remained  the  same  as  that  in  lung  of  the  sham-treated  mice 
(Fig.  5 F). 

Hypoxia-induced  increase  in  caspase-3  depends  on  iNOS 
but  not  Ca2+  and  P13KJAkt.  It  is  known  that  hypoxia,  a  model 
of  hemorrhage  in  animal,  increases  [Ca2+h,  which  results  from 
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Fig.  4.  Hemorrhage-induced  increases  in  cytochrome  c  lead  to  formation  of 
complexes  with  caspase-9  and  Apaf-1;  GA  prevents  formation.  Mice  were 
pretreated  with  GA  or  10%  DMSO  saline  by  intraperitoneal  injection  16  h 
before  hemorrhage  (n  =  6).  A:  representative  Western  blot  of  jejunum 
cytochrome  c  complex  formation  with  caspase-9.  Lysates  of  mouse  jejunum 
were  immunoprecipitated  (IP)  with  anti-caspase-9  antibody,  and  cytochrome  c 
was  then  detected  with  anti-cytochrome  c  antibody  using  immunoblot  (IB) 
analysis.  B :  representative  Western  blot  of  jejunum  Apaf-1  complex  formation 
with  caspase-9.  Lysates  of  mouse  jejunum  were  IP  with  anti-caspase-9  anti¬ 
body,  and  Apaf-1  was  then  detected  with  anti- Apaf-1  antibody  using  IB 
analysis.  C:  representative  Western  blot  of  jejunum  cytochrome  c  complex 
formation  with  caspase-9.  Lysates  of  mouse  jejunum  were  IP  with  anti¬ 
cytochrome  c  antibody,  and  caspase-3  was  then  detected  with  anti-caspase-9 
antibody  using  IB  analysis.  D :  representative  Western  blot  of  jejunum  cyto¬ 
chrome  c  complex  formation  with  Apaf-1.  Lysates  of  mouse  jejunum  were  IP 
with  anti-cytochrome  c  antibody,  and  Apaf-1  was  then  detected  with  anti- 
Apaf-1  antibody  using  IB  analysis.  Previous  assessments  (data  not  shown) 
have  shown  efficiency  of  IP  to  be  constant.  Lane  1 :  no  IP  (normal  mouse  serum 
used  instead  of  antibody);  Lane  2:  Sham,  mouse  received  same  handling  and 
procedures  as  hemorrhaged  mouse  but  no  hemorrhage;  Lane  3:  HEMO, 
hemorrhage;  Lane  4\  GA;  Lane  5:  GA+HEMO,  GA  given  before  hemorrhage. 
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Fig.  5.  GA  prevents  hemorrhage-induced  tis¬ 
sue  damage  in  jejunum  and  lung.  Low-power 
photomicrographs  of  full-thickness  sections  of 
jejunum  in  sham  treated  (A),  subjected  to  hem¬ 
orrhage  (. B ),  GA  treated  (C),  and  GA  treated 
before  hemorrhage  (D).  Histological  severity 
of  injury  grade  for  jejunum  tissue  section  is: 
Sham,  0.32  ±  0.22;  HEMO,  3.0  ±  0.52;  GA, 
0;  and  GA+HEMO,  0.75  ±  0.43.  Histological 
severity  of  alveolar  thickness  for  lung  tissue 
section  is:  Sham,  5.7  ±  0.9;  HEMO,  14  ±  2.2; 
GA,  6.2  ±  1.8;  and  GA+HEMO,  6.9  ±  1.2. 
*P  <  0.05  vs.  Sham,  GA,  and  GA+HE,  **P  < 
0.05  vs.  Sham,  HE,  and  GA+HE,  determined 
by  x2  test. 


E  GA  prevents  mucosal  damage  F  GA  inhibits  pulmonary 
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inhibitor  of  PI3K/Akt  pathway)  did  not  attenuate  the  caspase-3 
response  to  hypoxia  (Fig.  6 C),  whereas  treatment  with  a  DEVD 
inhibitor  (a  specific  inhibitor  of  caspase-3)  effectively  dimin¬ 
ished  the  response  (Fig.  6 D),  suggesting  the  presence  of  a 
pathway  different  from  the  known  PI3K/Akt. 

We  reported  that  iNOS  protein  is  positively  correlated  with 
caspase-3  enzymatic  activity  (20).  In  these  experiments  we 
sought  to  test  whether  there  is  a  correlation  between  iNOS  and 
caspase-3  protein  levels.  Intestinal  epithelial  cells  were  used  to 
study  the  correlation  between  iNOS  and  caspase-3  because  the 
injury  was  observed  on  villi  (Fig.  5 B).  The  level  of  iNOS 
protein  in  the  cell  was  increased  by  iNOS  gene  transfection  or 
exposure  to  hypoxia  and  decreased  by  treatment  with  iNOS 
siRNA.  The  amount  of  caspase-3  protein  was  also  determined 
after  each  of  these  treatments.  Caspase-3  protein  was  greatly 
upregulated  in  cells  overexpressing  iNOS,  whereas  the  cells 
transfected  with  the  empty  vector  exhibited  a  significant  yet 
much  lower  increased  level  of  caspase-3  protein  (Fig.  7A). 
Hypoxia  significantly  increased  caspase-3  protein  that  was 
inhibited  by  transfer  of  iNOS  siRNA  into  cells  (Fig.  IB). 
Treatment  with  iNOS  siRNA  alone  did  not  alter  the  basal  level 
of  caspase-3.  Caspase-3  enzymatic  activity  in  iNOS  gene- 
transfected  cells  increased  by  230  ±  25%  (n  =  6,  P  <  0.05  vs. 
control  and  empty  vector)  and  failed  to  increase  in  iNOS 
siRNA-treated  cells. 

iNOS  increases  apoptosome  formation.  Next  we  determined 
whether  iNOS  influences  the  formation  of  apoptosome,  thereby 
leading  to  changes  in  caspase-3  activity.  Using  confocal  mi¬ 
croscopy  we  demonstrated  that  iNOS  gene  transfection  (Fig.  8) 
resulted  in  increased  cytochrome  c  in  cytoplasm  that  colocal¬ 
ized  with  caspase-9.  Images  of  cells  exposed  to  hypoxia 
displayed  a  similar  result  (Fig.  9).  Transfer  of  iNOS  siRNA 
into  cells  blocked  the  hypoxia-induced  colocalization  of  cyto¬ 


chrome  c  and  caspase  9  (Fig.  9).  The  results  suggest  that  the 
level  of  iNOS  is  related  to  apoptosome  formation  that  triggers 
caspase-3  activity. 

DISCUSSION 

Hemorrhagic  shock  is  known  to  cause  MOD  and  MOF  (1, 
15).  There  remain  no  effective  treatments  for  the  potentially 
lethal  health  effects  that  result  from  hemorrhage.  The  effort  to 
develop  effective  treatments  will  greatly  benefit  from  a  better 
understanding  of  the  mechanisms  involved.  Numerous  cell 
signaling  ions  and  molecules  are  known  to  play  roles  in  the 
pathology  of  hemorrhage  (6,  11,  15,  17-19,  28,  30,  34,  38,  41). 
They  include  among  others,  ATP  levels,  transcription  factors, 
and  apoptotic  proteins  such  as  caspase-3. 

In  the  present  study  we  showed  that  hemorrhage  increased 
caspase-3  activity  in  jejunum,  lung,  heart,  kidney,  and  brain 
tissue  lysates  (Fig.  1,  A-E).  These  data  represent  the  first  time 
course  reported  for  the  caspase-3  response  after  hemorrhage. 
As  the  data  show,  the  response  is  complex  and  varies  with 
tissue  type.  In  general,  caspase-3  activity  increased  in  all 
tissues  examined  except  liver.  Activity  in  jejunum  and 
heart  tissues  returned  to  basal  levels  within  24  h;  whereas 
activity  in  lung,  kidney,  and  brain  remained  above  basal  levels 
for  at  least  48  h  after  treatment. 

We  sought  to  determine  the  effect  of  GA  on  the  hemorrhage- 
induced  increase  in  caspase-3  activity.  GA  has  been  shown  to 
block  several  cell-signaling  molecules  involved  in  the  response 
to  hemorrhage,  and  it  improves  survival  of  mice  subjected  to 
hemorrhage  injury  (16,  34).  Figure  2  demonstrates  that  GA 
blocks  the  hemorrhage-induced  increases  in  caspase-3  activity 
in  all  tissues  in  which  an  increase  was  observed.  The  variable 
degree  of  inhibition  observed  after  GA  treatment  may  reflect 
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Fig.  6.  Hypoxia-induced  increases  in  caspase-3  are  inhibited  by  iNOS  inhibitor  but  not  by  removal  of  external  Ca2+  or  PI3K/Akt  pathway  in  intestinal  cells. 
A :  to  stimulate  hypoxia  (HX),  intestinal  epithelial  cells  were  exposed  to  10  mM  NaCN  for  1  h  in  Na+  Hanks’  buffer  with  1.6  mM  Ca2+  or  Ca2+-free  Na+  Hanks’ 
buffer  containing  3  mM  EGTA.  Removal  of  external  Ca2+  failed  to  inhibit  the  HX-induced  increases  in  caspase-3  activity.  *P  <  0.05  vs.  control  group  and 
EGTA  group,  **P  <  0.05  vs.  control,  HX,  and  EGTA+HX,  determined  by  x2  test.  B:  cells  were  treated  with  100  pM  l-NNA  or  l-NIL  in  absence  of  external 
Ca2+  for  30  min  prior  to  exposure  to  10  mM  NaCN  for  1  h.  Both  iNOS  inhibitors  effectively  blocked  HX-induced  increases  in  caspase-3  activity.  *P  <  0.05 
vs.  control  group,  l-NNA+HX  group,  and  l-NIL+HX  group;  **P  <  0.05  vs.  control  group  and  HX  group,  determined  by  x2  test.  C:  cells  were  treated  with 
100  pM  LY-29402  in  presence  of  external  Ca2+  for  5  or  60  min  followed  by  exposure  to  10  mM  NaCN  for  1  h.  LY-29402  failed  to  inhibit  the  HX-induced 
increase  in  caspase-3  activity.  *P  <  0.05  vs.  respective  control  group,  determined  by  Student’s  Mest.  D :  cells  were  treated  for  16  h  with  150  pM  DEVD  inhibitor 
(DEVDi)  prior  to  exposure  to  10  mM  NaCN  for  1  h.  *P  <  0.05  vs.  control,  DEVDi-treated,  and  DEVDi+HX  groups;  **P  <  0.05  vs.  control,  HX,  and 
DEVDi-treated  groups,  determined  by  x2  test. 


organ- specific  differences  in  how  the  drug  interacts  with  the 
tissues. 

We  investigated  the  cause  of  the  increased  caspase-3  activ¬ 
ity.  Figure  3  clearly  demonstrates  that  hemorrhage  elevates  the 
amount  of  caspase-3  protein  in  mouse  jejunum.  Most  likely, 
the  increased  amount  of  caspase-3  protein  accounts  for  the 
elevated  caspase-3  activity  observed  after  hemorrhage.  Figure 
3  also  shows  that  the  inhibition  of  caspase-3  by  GA  appears  to 
be  the  result  of  an  inhibition  of  the  hemorrhage-induced  in¬ 
crease  in  caspase-3  protein.  Interventions  that  lead  to  inhibition 
of  caspase-3  activity  (45)  such  as  treadmill  exercise  (26), 
hypertonic  saline  resuscitation  (31),  lactated  Ringer  resuscita¬ 
tion  (19),  or  treatment  with  5-androstenediol  (20)  have  been 
shown  to  reduce  tissue  apoptosis  and  brain  damage  in  hemor¬ 
rhaged  animals.  Our  results  with  GA  are  consistent  with  these 
reports. 

Stimulated  increases  in  caspase-3  activity  in  the  cell  can 
occur  through  a  variety  of  mechanisms,  including  activation 
of  the  PI3K/Akt  pathway.  Using  cultured  cells  exposed  to 
hypoxia,  a  model  for  hemorrhage  in  animals,  we  tested 
whether  this  process  plays  a  role  in  increasing  caspase-3 
activity.  The  pathway  inhibitor  LY29402  failed  to  block 
caspase-3  stimulation,  indicating  the  PI3K/Akt  pathway 
plays  no  role  in  the  stimulation  we  observed  (Fig.  6 B).  We 
also  determined  that  calcium  influx  is  not  involved  in  the 
hypoxia-induced  increase  in  caspase-3  because  experiments 


showing  that  incubating  cells  in  medium  containing  EGTA 
had  no  effect  (Fig.  6A).  Interestingly,  however,  we  found 
that  the  iNOS  inhibitors  l-NNA  and  l-NIL  both  inhibited 
the  caspase-3  increase  following  hypoxia  (even  in  the  ab¬ 
sence  of  extracellular  calcium;  Fig.  6C).  A  similar  result 
was  previously  shown  with  the  iNOS  inhibitor  5-andro¬ 
stenediol  (20). 

These  results  clearly  implicate  iNOS  as  having  a  role  in  the 
activation  of  caspase-3  after  hypoxia  (and  therefore  hemor¬ 
rhage).  We  and  other  laboratories  reported  that  hemorrhage 
increases  iNOS  expression  (11,  17,  23,  30,  34)  by  upregulating 
its  transcriptional  factors  (15,  17,  19,  23).  As  a  result  of  the 
increased  iNOS  expression  (23,  38,  39),  NO  production  in¬ 
creases,  which  leads  to  nitrosative  stress  and  the  release  of 
cytochrome  c  from  the  mitochondria  to  the  cytosol  (2,  11,  12, 
25,  36).  The  cytosolic  cytochrome  c  then  associates  with 
caspase-9  and  Apaf-1  to  form  the  apoptosomes  (Fig.  4),  which 
is  directly  responsible  for  triggering  caspase-3  activity  (13,  14, 
22)  and  apoptosis. 

The  view  that  iNOS  activates  caspase-3  activity  is  further 
supported  by  our  experiments  in  which  we  manipulated  the 
gene  expression  of  iNOS  to  determine  the  effect  on  caspase-3 
activity.  Forced  overexpression  of  iNOS  leads  to  an  increase  in 
caspase-3  protein  (Fig.  1A)  and  therefore  its  total  enzymatic 
activity.  Consistent  with  this  observation,  treatment  with  iNOS 
siRNA,  which  silenced  iNOS  protein  expression,  led  to  a 
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Fig.  7.  Caspase-3  protein  levels  are  related  to  levels  of 
iNOS  expression.  A:  intestinal  epithelial  cells  were  trans¬ 
fected  for  16  h  with  empty  vector  alone  or  iNOS  expres¬ 
sion  vector  before  measurement  of  caspase-3  activity 
(n  =  3).  Representative  Western  blots  of  iNOS  overex¬ 
pression  and  active  caspase-3  protein  after  iNOS  gene 
transfection  are  presented.  Caspase-3  activity  increased 
in  iNOS  gene-transfected  cells.  *P  <  0.05  vs.  control 
group  and  iNOS  gene  transfer  group,  **P  <  0.05  vs. 
control  group  and  empty  vector-treated  group,  deter¬ 
mined  by  one-way  ANOVA.  B :  intestinal  epithelial  cells 
were  transfected  48  h  with  nonsilencing  oligo  or  iNOS 
siRNA.  Cells  were  then  exposed  to  10  mM  NaCN  for  1  h 
and  allowed  to  recover  for  16  h.  Representative  Western 
blots  of  iNOS  protein  and  caspase-3  protein  after  iNOS 
siRNA  transfection  are  presented.  iNOS  siRNA  inhibited 
the  HX-induced  increase  in  caspase-3  protein.  *P  <  0.05 
vs.  oligo  alone,  iNOS  siRNA  alone,  and  iNOS 
siRNA +HX;  **P  <  0.05  vs.  oligo  alone,  oligo +HX, 
and  iNOS  siRNA  alone,  determined  by  x2  test,  oligo: 
Nonsilencing  siRNA. 
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decrease  in  caspase-3  enzymatic  activity  and  protein  expres¬ 
sion  (Fig.  IB).  Additional  support  for  the  idea  that  iNOS 
regulates  caspase-3  comes  with  our  observation  of  an  increase 
in  cytosolic  cytochrome  c  in  iNOS  gene-transfected  cells. 


Cytochrome  c  complexed  caspase-9  and  Apaf-1  to  form  apop- 
tosomes  (Fig.  8).  Conversely,  downregulation  of  iNOS  inter¬ 
fered  with  apoptosomes  complex  formation  and  caspase-3 
activity  (Fig.  9). 


Fig.  8.  iNOS  overexpression  leads  to  increases 
in  formation  of  caspase-9-cytochrome  c  com¬ 
plex.  Intestinal  epithelial  cells  were  transfected 
for  16  h  with  empty  vector  alone  or  iNOS  ex¬ 
pression  vector  {n  =  3).  Cells  were  stained 
immunofluorescently  with  antibodies  directed 
against  caspase-9  (red),  cytochrome  c  (green),  or 
DAPI  (blue).  Merged  images  depict  colocaliza¬ 
tion  of  caspase-9  and  cytochrome  c  (yellow). 
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Fig.  9.  iNOS  inhibition  leads  to  reduction  of 
caspase-9-cytochrome  c  complex.  Intestinal  ep¬ 
ithelial  cells  were  transfected  for  48  h  with 
nonsilencing  oligo  or  iNOS  siRNA.  Cells  were 
then  exposed  to  10  mM  NaCN  for  1  h  and 
allowed  to  recover  for  16  h  (n  =  3).  Treated 
cells  were  stained  immunofluorescently  with 
antibodies  directed  against  caspase-9  (red),  cy¬ 
tochrome  c  (green),  or  DAPI  (blue).  Merged 
images  depict  colocalization  of  caspase-9  and 
cytochrome  c  (yellow). 


It  has  been  shown  that  treatment  of  cells  (23)  or  animals  (17) 
with  iNOS  inhibitors  results  in  decreased  cellular  caspase-3 
activity  and  increased  survival.  In  previous  studies,  we  deter¬ 
mined  that  GA  inhibits  iNOS  by  regulating  the  iNOS  transcrip¬ 
tional  factors  (16).  In  the  present  study,  GA  inhibited  apopto- 
somes  formation  in  hemorrhaged  jejunum  (Fig.  4)  and  pre¬ 
vented  intestinal  mucosal  and  pulmonary  injury  in  mice 
following  hemorrhage  (Fig.  5). 

The  full  mechanisms  of  the  hemorrhage- associated  maladies 
MOD  and  MOF  are  not  yet  clear.  It  is  interesting  to  note  that 
the  time  course  data  we  showed  for  the  increase  in  caspase-3 
activity  following  hemorrhage  are  generally  consistent  with  the 
development  of  the  symptoms  MOD  and  MOF  in  both  mice 


and  humans  (3,  7-9,  37,  44).  That  is,  our  data  show  an  early 
and  continuous  increase  in  caspase-3  activity  in  lung,  an  initial 
increase  followed  by  a  second  increase  in  kidney,  and  a 
delayed  increase  in  brain.  Additional  studies  of  this  relation¬ 
ship  could  prove  to  be  useful.  The  GA-mediated  inhibition  of 
increases  in  the  caspase-3  activity  and  its  ability  to  limit 
intestinal  mucosal  and  pulmonary  injury  following  hemorrhage 
may  make  GA  a  useful  therapeutic  agent  to  decrease  MOD  and 
MOF  after  hemorrhage. 

The  potential  therapeutic  benefit  of  GA  is  further  supported 
by  the  following  facts.  First,  GA  inhibits  KLF6  expression 
activated  by  hemorrhage  (17,  18)  or  wound  repair  (35).  Sec¬ 
ond,  GA  inhibits  hemorrhage-induced  iNOS  overexpression, 


Fig.  10.  Schematic  representation  of  model 
for  caspase-3  activity  after  hemorrhage  and  site 
of  GA  action.  Hemorrhage,  through  poorly 
understood  events,  triggers  increases  in  c-jun, 
Kmppel-like  factor  6  (KLF6)  and  NF-kB  50 
kDa  that  lead  to  iNOS  activity  increase  (17). 
Increase  in  iNOS  activity  leads  to  increase  in 
NO  (39),  which  reacts  with  NO2  to  form  N2O3, 
creating  nitrosative  stress.  NO  also  reacts  with 
O2-  to  form  OONO  ,  and  NO^~,  creating 
oxidative  stress  (42).  Nitrosative  and  oxidative 
stress  leads  to  rupture  of  mitochondria  and 
release  of  cytochrome  c  into  cytoplasm.  Cyto¬ 
plasmic  cytochrome  c  is  complexed  by  Apaf-1 
and  caspase-9  to  form  apoptosomes.  Apopto- 
somes  then  activate  caspase-3  and  caspase-7 
(13,  14,  22,  25),  initiating  cascade  of  reactions 
leading  to  cell  death,  which  may  explain  MOF 
(3,  7-9,  37, 44).  GA  inhibits  poorly  understood 
events  upstream  from  increases  in  c-jun, 
KLF6,  and  NF-kB  50  kDa.  MOF,  multiple 
organ  failure. 
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which  diminishes  the  iNOS-induced  cell  injury  (11,  15,  17-19, 
34).  Third,  GA  treatment  effectively  decreases  the  hemor¬ 
rhage-induced  increase  in  key  apoptotic  proteases  (Fig.  5). 
Finally,  GA  increases  ATP  levels  (16).  Thus  it  is  reasonable  to 
propose  that  GA  would  have  therapeutic  effects  and  it  could  be 
used  to  limit  the  acute  and  delayed  injury  resulting  from 
hemorrhage. 

Figure  10  presents  a  hypothetical  model  depicting  the  hem¬ 
orrhage-induced  changes  in  mouse  jejunum  consistent  with  our 
data,  indicating  the  point  where  GA  might  be  exerting  its 
inhibitory  effect.  Hemorrhage,  through  signals  not  yet  fully 
understood,  increases  c-jun,  KLF6,  and  NF-kB  50  kDa,  which 
stimulates  increased  iNOS  activity.  The  increase  in  iNOS  leads 
to  increased  levels  of  NO  in  the  cytoplasm,  which  then  reacts 
with  NO2  in  the  mitochondria  to  form  N2O3,  thereby  triggering 
nitrosative  stress.  NO  also  reacts  with  O2  to  form  OONO-  and 
NO^~,  thereby  triggering  oxidative  stress.  In  addition,  NO 
reacts  with  biological  metals,  modulating  catalase  and  GSH, 
and  thereby  further  altering  cell  sensitivity  to  cell  death  (42). 
Nitrosative  stress  and  oxidative  stress  are  known  to  rupture 
mitochondria,  which  results  in  a  release  of  cytochrome  c  that 
complexes  with  cytosolic  Apaf-1  and  caspase-9  to  form  apop- 
tosomes.  Apoptosomes  activate  caspase-3  and  caspase-7  (13, 
14,  22,  25),  switching  on  the  cascade  of  reactions  that  lead  to 
apoptosis  and  possibly,  MOF  (3,  7-9,  37,  44).  Our  previous 
experiments  have  shown  that  GA  inhibits  the  hemorrhage- 
induced  increases  in  c-jun,  KLF6,  and  NFkB  50  kDa  (16).  GA 
inhibition  may  occur  upstream  of  its  effect  on  these  transcrip¬ 
tion  factors,  but  those  upstream  events  are  not  yet  understood. 
By  blocking  those  events,  GA  ultimately  blocks  the  reactions 
that  lead  to  apoptosis. 

In  summary,  we  showed  that  hemorrhage  induces  an  in¬ 
crease  in  the  amount  of  caspase-3  protein  in  the  cell,  which 
results  in  increased  caspase-3  activity.  We  demonstrated  that 
GA  treatment  decreases  the  caspase-3  response  to  hemorrhage 
by  inhibiting  the  iNOS  pathway,  which  results  in  a  reduction  in 
apoptosome  formation  and  thus,  apoptosis.  Further  research  is 
required  to  understand  the  specific  site  of  GA  action  in  this 
process.  Our  results  suggest  that  GA  may  have  therapeutic 
value  in  preventing  tissue  damage  associated  with  hemorrhage, 
possibly  used  as  an  adjuvant  in  resuscitation  fluids  to  resusci¬ 
tate  patients  with  blood  loss. 
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